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ABSTRACT: The synthesis of uniform MnCo,0, microspheres and their
cooperation with a visible light harvester to achieve efficient photocatalytic CO,
reduction under ambient conditions are reported here. The MnCo,0, materials
were prepared by a facile two-step solvothermal-calcination method and were
characterized by XRD, SEM, TEM, EDX, XPS, elemental mapping, and N,
adsorption measurements. By using the MnCo,0, microspheres as a
heterogeneous cocatalyst, the photocatalytic performance of the CO,-to-CO
conversion catalysis was remarkably enhanced, and no decrease in the
promotional effect of the cocatalyst was observed after repeatedly operating
the reaction for six cycles. *CO, isotope tracer experiments verified that the CO
product originated from the CO, reactant. The effect of synthetic conditions and

various reaction parameters on the photocatalytic activity of the system were
investigated and optimized. The stability of the MnCo,0, cocatalyst in the CO, reduction system was confirmed by several
techniques. Moreover, a possible mechanism for MnCo,0,-cocatalyzed CO, photoreduction catalysis is proposed.
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1. INTRODUCTION

Photocatalytic CO, reduction by visible light has been
considered the most ideal solution to diminish the increasing
levels of anthropogenic CO,, because it relies on a renewable
and clean solar resource as the only energy input while
providing valuable products as fuels or raw materials to partially
satisfy energy demands and release some environment
burden.' ™ To achieve photocatalytic CO, reduction necessities
the integration of light harvesters, cocatalysts, and redox
assistants in a harmonious fashion to promote energy transfer
and charge migration. In particular, it is well-known that the use
of cocatalysts for supporting CO, photoreduction is a key to
achieving future advancement of solar technology for CO,
fixation, which is due mainly to the nearly inert chemical
characteristic of linear CO, molecules.* As the efficiency of
photochemical CO, reduction is intrinsically determined by the
cocatalyst applied, exploiting and developing highly efficient
and stable new cocatalysts to operate CO, conversion reactions
is and will continue to be an intensively investigated subject.”””

Traditionally, metal oxides, includin% simple binary'®~"” and
complex multicomponent oxides,"®™>* are the most widely
studied photocatalysts for photocatalytic CO, conversion.
However, most of these catalysts cannot response to visible
light, and their catalytic activities are still far from a level of
practical utilization due to fast recombination rates of charge
carriers. By virtue of cocatalysts being deposited on photo-
catalysts, surface heterojunctions can be established that
promote charge transfer to inhibit the unwanted recombination
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of photogenerated electron—hole pairs and provide catalytically
active sites to lower the energy barrier of the reaction.””* To
date, noble metals (e.g, Pt, Ru, Ir, Au, Pd, and Ag) are the
repeatedly employed candidates that have served as cocatalysts
in photocatalytic CO, reduction systems.">**~** A big demerit
to using these cocatalysts is their low abundance and high cost,
which seriously prohibit their use in practice. Therefore, we
aimed at exploring inexpensive, efficient, and stable cocatalysts
for photocatalytic CO, fixation through artificial photosynthesis
that converts CO, to added-value chemicals while still
developi;;g2 9sslgstainable photocatalysts for solar energy con-
version.””"™”

Owing to their low cost, easy accessibility, high stability, and
efficiency, cobalt-based ternary metal oxides with a spinel
structure, such as ZnCo,0,, NiCo,0,, CuCo,0,, and
MnCo,0,, are a family of intriguing technological materials
that have attracted enormous research efforts on energy
conversion areas including supercapacitors, lithium-ion bat-
teries, and catalysis.31_39 Among them, mixed valence
MnCo,0, has shown excellent catalytic performance for
oxygen reduction reactions,** implying the potential of
MnCo,0, for catalytic reduction reactions. However, to the
best of our knowledge, no reports exist describing the
photocatalytic reduction of CO, over spinel MnCo,0,
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materials as a cocatalyst. A MnCo,0, material that combines
redox active Co and Mn species in a three-dimensional
nanostructure remains to be thoroughly explored in CO,
photoreduction catalysis.

In this paper, we report facile synthesis of uniform MnCo,0,
microspheres and their cooperative functions in photocatalytic
CO, reduction with a Ru-dye as the light harvester under
benign reaction conditions. With the MnCo,0O, microspheres
being used as a cocatalyst, the catalytic performance of the
conversion from CO, to CO was remarkably promoted, and no
evident decrease in this promotional effect was observed after
repeating this reaction for six cycles. *CO, isotope tracer
experiments verified that the CO product originated from the
reactant CO,. The effect of calcination temperature and various
reaction parameters on the photocatalytic activity of the
reaction system were fully investigated and optimized. The
stability of the MnCo,0, cocatalyst in the CO, photofixation
system was confirmed by several techniques, promising future
development of stable MnCo,0,-based photoreduction sys-
tems for CO, conversion.

2. EXPERIMENTAL SECTION

2.1. Preparation of MnCo,0, Microspheres. In the preparation
of typical MnCo,0, microspheres, 1 mmol manganese chloride
tetrahydrate (MnC;,-4H,0) and 2 mmol cobalt chloride hexahydrate
(CoCl,-6H,0) were dissolved in ethylene glycol (65 mL) and
magneticallg' stirred for 30 min; then, 30 mmol NH,HCO; powder
was added.** After the mixture was stirred for another 30 min, the
resulting homogeneous solution was transferred into a 100 mL Teflon-
lined stainless-steel autoclave. The autoclave was sealed and heated at
200 °C for 20 h. After the temperature was cooled naturally, the
product was collected and washed with water and absolute alcohol
several times. Then, the obtained MnCo,0, precursor was dried at 60
°C in an oven for 12 h. Lastly, the precursor was calcined at different
temperatures (300, 400, 500, and 600 °C) in air atmosphere for 2 h
with a ramping rate of 2 °C min™" to harvest a series of MnCo,0,
products. For the convenience of discussion, unless otherwise stated,
all of the MnCo,0, samples used for the characterizations and
photocatalytic reactions were prepared under calcination at 400 °C.

2.2. Characterization. Scanning electron microscope (SEM)
images, energy dispersive X-ray (EDX) spectra, and the corresponding
elemental mappings of the samples were collected on a Hitachi New
Generation SU8010 field emission scanning electron microscope
equipped with an EDX spectrometer. The samples were held on an
aluminum plate. Powder X-ray diffraction (XRD) was performed on a
Bruker D8 Advance instrument. Transmission electron microscopy
(TEM) images, high-resolution TEM images, and selected area
electron diffraction (SAED) patterns were obtained on a JEOL model
JEM 2010 EX instrument. X-ray photoelectron spectra (XPS) were
collected on a PHI Quantum 2000 XPS system with the C Is peak
(284.6 V) as a reference. N, adsorption measurements were taken on
a Micromeritics ASAP 2020 system at liquid N, temperature. Specific
surface area was determined by the Brunauer—Emmett—Teller (BET)
method. A Netzsch Thermoanalyzer (STA 449 F3) was utilized for
thermogravimetric analysis (TGA) with a heating rate of 10 °C min™"
under an air atmosphere. A Thermo Scientific X Series II inductively
coupled plasma mass spectrometry (ICP-MS) system was employed to
examine the supernatant of the reaction mixture.

An Agilent 7820A gas chromatograph (thermal conductivity
detector, TCD; TD-01 packed column) was utilized to analyze and
quantify the products produced from the photocatalytic CO,
conversion reactions using Ar as the carrier gas. The inlet, oven, and
detector temperatures were set at 120, 50, and 200 °C, respectively.
The CO produced from the *CO, isotopic experiment was analyzed
on an HP 5973 gas chromatography—mass spectrometer (GC—MS).

2.3. Photocatalytic CO, Reduction. To carry out the typical
photocatalytic CO, reduction reaction, we added MnCo,0O,, (4 umol),
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[Ru(bpy);]CL-6H,0 (10 umol, hereafter abbreviated as Ru), solvent
(5 mL, 2:3 H,O/acetonitrile), and TEOA (1 mL) to an 80 mL reactor.
Then, high purity CO, was introduced to the reactor with a partial
pressure of 1 atm. A 300W Xe lamp with a 420 nm cutoff filter was
used as the light source. During the photocatalytic reactions, the
reaction system was vigorously stirred with a magnetic stirrer. The
temperature of the reaction system was kept at 30 °C by cooling water
unless otherwise stated. After a 1 h photocatalytic reaction, the
generated products were sampled and quantified by an Agilent 7820A
gas chromatograph.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Samples. The MnCo,0,
precursor was first characterized by XRD. All of the diffraction
peaks in the XRD patterns were indexed to those of
Mn,3;Co00,CO; (Figure S1, Sup;)orting Information), which
is consistent with previous work.”* A field-emission scanning
electron microscope (SEM) was used to examine the
morphology. The SEM images (Figure S2, Supporting
Information) reveal that uniform and well-dispersed micro-
spheres with diameters of ~2 pm were successfully fabricated
under the solvothermal conditions. Thermogravimetric analysis
(TGA) was then conducted to study the thermal behavior of
the MnCo,0, precursors. Two major weight loss steps are
observed in the TGA curve (Figure S3, Supporting
Information). The small loss (~2.7%) below 100 °C is mainly
assigned to the loss of adsorbed water, and the dominant loss is
attributed to topotactic transformation of the precursor into the
MnCo,0, product and CO, in an air atmosphere. The second
weight loss value of 35.4% is slightly higher than that of the
theoretical data (32.7%), which is probably caused by the
existence of strongly bound OH™ and/or blocked H,O
molecules and the shift of atoms (with the exception of CO,
liberation) during the pyrolysis process.>* On the basis of the
TGA results, we synthesized a series of MnCo,0, samples by
calcining the precursor at 300, 400, 500, and 600 °C.

The synthesized MnCo,0, products were subjected to
characterization by powder X-ray diffraction (XRD) to
investigate their crystallographic structure and phase purity.
As shown in Figure 14, all of the prepared samples exhibit sharp
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Figure 1. (a) XRD patterns of the synthesized MnCo,0, micro-
spheres calcined at different temperatures. (b) Structure illustration of
spinel MnCo,O,.

diffraction peaks indexed as face-centered cubic MnCo,0,
(JCPDS: 23-1237). Spinel MnCo,0, is a mixed valence ternary
oxide, and in its crystal structure, the cobalt and manganese
ions are dispersed over tetrahedral and octahedral stacking
interstices as demonstrated in Figure 1b. No other additional
diffraction peaks were detected, indicating high phase purity of
the MnCo,0, products. It is observed that elevated calcination
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temperatures produced samples with higher crystallinities,
which would consequently endow them with different photo-
catalytic performances.

SEM and TEM measurements were conducted to examine
the morphology and structure of the MnCo,O, materials. As
displayed in Figure 2a, a representative low-magnification SEM

Figure 2. (a—c) Typical SEM images, (d) low-magnification and (e)
high-resolution TEM images, and the (f) SAED pattern of the
MnCo,0, microspheres.

image shows that the resultant MnCo,0, products are uniform
and well-dispersed microspheres with ~2 ym diameters that are
perfectly inherited from their precursors. The high-magnifica-
tion SEM photographs (Figure 2b and c) demonstrate that the
microspheres are actually fabricated by numerous firmly
interconnected nanosized particles. The rough surface of the
spheres suggests a porous structure as revealed by the TEM
image (Figure 2d). Both the lattice fringes in the high-
resolution TEM image (Figure 2e) and the diffraction fringes in
the corresponding selected area electron diffraction (SAED)
patterns (Figure 2f) are readily indexed to the interplanar
spacing of a cubic MnCo,0, structure, which indicates the
formation of high crystalline samples. Uniform and high quality
MnCo,0O, microspheres could also be obtained by thermally
treating the precursors at other temperatures as confirmed by
the SEM images in Figure S4 in the Supporting Information.

The elemental composition of the MnCo,0, microspheres
was first examined by energy dispersive X-ray (EDX)
measurements. As shown in Figure 3, the EDX spectrum of
the MnCo,0, sample only gives signal peaks of Mn, Co, and O
elements with a Co/Mn ratio of about 2:1. To gain insights into
the elemental distribution of the MnCo,0, spheres, we
performed elemental mapping analysis, and the corresponding
EDX-mapping images (Figure 3 inset) clearly elucidate
homogeneous distribution of Mn, Co, and O elements in the
whole spheres. The observations further confirm the formation
of pure MnCo,0, materials.

To research the valence state of the elements in the
MnCo,0, sample, we conducted XPS characterizations. As
shown in Figure 4a, the survey spectrum only represents
elemental peaks of Mn, Co, and O, consistent with the results
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Figure 3. EDX spectrum and corresponding EDX-mapping images of
a MnCo,0O, sample.

(a)

Co 2p 2p,,

Intensity (a.u.)
Intensity (a.u.)

T T T T
800 795 790 785

Binding Energy (eV)

600 400 200 0 810 805

Binding Energy (eV)

1000 800

Mn 2p 01s

Intensity (a.u.)
Intensity (a.u.)

B

536 528

635

650 645 640

532
Binding energy (eV) Binding Energy (eV)

Figure 4. XPS spectra of the MnCo,0, microspheres: (a) survey
spectrum and high-resolution spectra of (b) Co 2p, (c) Mn 2p, and
(d) O 1s.

of the EDX characterization. The inevitable existence of the C
peak is derived from adventitious carbon species. In the high-
resolution spectrum of Co 2p (Figure 4b), besides the evident
satellite peaks (denoted as “sat.” in the figure), two main peaks
observed at 795.3 and 780.2 eV with spin—orbit splitting of
~15 eV are attributed to Co 2p,;, and Co 2p;,, respectively.
Generally, the energy gap between the main peaks and the
satellite peaks of Co 2p is very important in determining the
oxidation state of cobalt. If the cation is Co*", the energy gap is
~6.0 eV, whereas the Co®" cation has an energy gap of 9—10
eV.* After being fitted by a Gaussian fitting method, the Co 2p
spectrum could be well-fitted into two spin—orbit doublets and
four shakeup satellites, which are characteristic of Co** and
Co*" cations.>®* As for the Mn 2p high-resolution spectrum
(Figure 4c), two main peaks at 642.0 and 653.7 eV are observed
for Mn 2p;, and Mn 2p, ,, respectively. These two peaks could
be fitted into four subpeaks, two of which are assigned to the
binding energy of Mn*" (644.1 and 654.6 eV) and two to Mn**
(641.8 and 653.2 eV). The O 1s spectrum in Figure 4d could
be divided into three photoelectron peaks at 530.2, 531.7, and
533.0 eV, which belong to lattice oxygen in the spinel structure,
the oxygen of hydroxide ions, and the oxygen of physically
adsorbed water molecules, respectively. The results of the XPS
measurements identified the copresence of the solid-state redox
couples Co**/Co*" and Mn**/Mn*' in the MnCo,0,
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structure,>*** which may endow it with numerous redox

activities for heterogeneous photocatalysis and catalysis.

To investigate the specific surface area and pore character-
istics of the MnCo,0, microspheres, N, physical adsorption
tests were carried out. As depicted in Figure S, a type IV N,
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Figure S. N, adsorption—desorption isotherm of the MnCo,O,
microspheres. (Inset) Corresponding pore size distribution curve
calculated from the desorption branch of the N, isotherm by the
Barrett—Joyner—Halenda (BJH) formula.

adsorption isotherm with a type HI hysteresis loop was
observed. This result indicates a mesoporous feature of the
MnCo,0, sample. The corresponding pore size distribution
plot (Figure S, inset) reveals that the MnCo,0, microspheres
possess a narrow pore size range of 4—11 nm and an average
pore diameter of ~7.5 nm. The generation of the mesopores is
mainly ascribed to the liberation of CO, during the
decomposition procedure by thermal treatment in air
atmosphere. The specific surface area, pore volume, and pore
size of the MnCo,0, microspheres were found to be largely
affected by the calcination temperature. As shown in Table 1,

Table 1. Effects of Calcination Temperature on the BET
Surface Area and Pore Parameters of the MnCo,0, Samples

calcination temperature 5§ET_‘1 pore volu_meb pore size®
) (m”g™") (em® g™) (nm)
300 183 0.291 64
400 126 0.287 7.5
500 96 0.278 9.2
600 56 0.262 14

28yt = BET surface area. “Total pore volume taken from the volume
of N, adsorbed at ~P/P; = 0.99. “Average pore size calculated using
the desorption branch of the N, adsorption isotherms by the Barrett—
Joyner—Halenda (BJH) method.

higher calcination temperatures resulted in MnCo,O,, materials
with reduced specific surface area and pore volume but enlarged
pore size. The specific surface areas of all the prepared
MnCo,0, materials are much higher than those reported by
other groups.>**> These differences in the MnCo,0O, micro-
spheres would ultimately influence their catalytic performance
of heterogeneous CO, photoconversion reactions because the
mesopores are in principle favorable to providing more
catalytically active sites, promoting mass and charge transport,
and improving CO, capture and adsorption.

3.2. Photocatalytic Performance. The catalytic activity of
the synthesized MnCo,0,, microspheres was evaluated by CO,
reduction reactions with visible light irradiation under mild
reaction conditions. As shown in Figure 6, when the
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Figure 6. Production of CO and H, from the photocatalytic CO,
reduction system in normal conditions relative to those of controlled
experiments in conditions without the MnCo,0, cocatalyst, Ru
photosensitizer, visible light, TEOA, and using Ar place of CO,.
(inset) Corresponding selectivity of CO calculated using the equation
(mol CO)/(mol (CO + H,)).

photocatalytic reaction was operated for 1 h, a large amount
of CO (27 umol) was generated and coupled with a smaller
amount of H, (8 umol) without the detection of other
hydrocarbons as potential products. This observation demon-
strates that the chemically inert CO, molecules were photo-
catalytically converted into CO by the chemical system.
However, if the MnCo,0, cocatalyst was not added, the
system only produced a very small amount of the products (1.2
pumol CO, 0.6 umol H,), necessitating MnCo,0, in the
photochemical reaction as a cocatalyst. Interestingly, the ratio
of CO in the produced gases in the presence of the MnCo,0,
cocatalyst is much higher than that in its absence (Figure 6,
inset), which may be attributed to the relatively high specific
surface area (126 m* g™') of the MnCo,0, solid for facilitating
the adsorption/concentration of CO, molecules. The negative
control experiment shows that no products were detected when
the reaction was performed in the dark, thus suggesting that the
CO,-to-CO conversion reaction is started by photocatalysis.
Reference experiments determined that the CO, trans-
formation reaction would not take place if the Ru photo-
sensitizer or the sacrificial agent TEOA was excluded from the
catalytic system. We also conducted a blank experiment by
replacing CO, with Ar under otherwise identical conditions,
and found that no CO was formed, which also suggests that the
CO produced is derived from the CO, reactant.

To provide solid evidence validating the origin of the CO
generated, we carried out a '*C-labeled isotropic experiment by
using *CO, in place of *CO,, and the CO produced was then
analyzed by GC-MS. Figure 7 shows the results of the GC-MS
analysis. When *CO, is the reactant, only *CO (m/z = 29)
was detected, which is significantly different from the 2CO (m/
z = 28) detected when using '>CO, as the reactant. The results
of this isotropic experiment validate that the CO evolution
originates from photosplitting of the CO, molecules, not
organics present in the system, and thereby strongly supports
the idea that the MnCo,0, microspheres indeed effectively
accelerate photocatalytic CO,-to-CO transformation catalysis in
the current chemical system.

Studies on the reaction time demonstrate that a linear
dependence between the yield of CO/H, and the irradiation
time over the first hour of the reaction (Figure 8). The
generation rates of CO and H, are 0.45 and 0.13 pmol min~/,
respectively. Thereafter, the reaction system progressively loses
its high photocatalytic activity, the reason for which can mainly
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Figure 8. Yields of CO and H, from the CO, photofixation system
under visible light irradiation.

be attributed to photobleaching of the Ru dye after limited
catalytic operations,***> but the MnCo,0, cocatalyst is still
stable to preserve its intrinsic catalytic function as will be
discussed below. This observation also suggests that we should
explore more robust and less costly light harvesters to
cooperate with MnCo,0, cocatalyst to establish a more stable
and efficient CO, photofixation system for artificial photosyn-
thesis. The accumulated generation of the product is 52 ymol
after photoirradiation for 4 h, and thus affords a catalytic
turnover number (TON) of 13 with respect to MnCo,0,
cocatalyst, suggesting the catalytic nature of the CO,
conversion reaction. The obtained TON value is comparable
to other reported data under similar conditions.”***’

The effect of the calcination temperature on the catalytic
activity of the MnCo,O,, cocatalyst was inspected. As shown in
Figure 9, obvious variations in the generation of CO/H, existed
for the different MnCo,0, samples. Comparing the MnCo,O,
materials calcined at 300 and 400 °C, the latter exhibited better
catalytic activity because the sample annealed at 400 °C
obtained higher crystallinity (Figure 1), which is beneficial for
charge transfers in the photoredox reaction. However, when the
calcination temperature was further elevated to 500 and 600
°C, the activities of the MnCo,0, cocatalysts gradually reduced,
which is intimately related to the sharp diminution of the
specific surface area of the MnCo,0, cocatalysts caused by the
higher anneal temperatures (Table 1, entries 3 and 4).
Therefore, we believe both the crystallinity and surface area
of the MnCo,0, cocatalyst are essential for determining the
catalytic activity and that the optimal calcination temperature is
400 °C under the preparation conditions utilized here.
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Figure 9. Generation of CO and H, with the MnCo,0, cocatalyst
calcined at different temperatures.

The production of CO/H, as a function of the wavelength of
the incident light was explored. As can be seen in Figure 10, the
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Figure 10. Wavelength-dependence of the evolution of CO/H,
produced from the photocatalytic CO, reduction system. The green
line is the UV—vis absorbance spectra of Ru. Insert is the solid DRS
spectrum of MnCo,0,. The wavelength of the incident light was
controlled by applying the appropriate long-pass cutoff filters.

yields of CO and H, are fundamentally dependent on the
incident wavelength in a style that matches well with the
adsorption intensities in the light spectrum of the Ru
photosensitizer rather than those of the MnCo,0, cocatalyst.
These results reveal that the CO, reduction reaction proceeds
photocatalytically by light excitation of the Ru dye and
successive charge transport for photoredox catalysis.

To select a proper reaction medium for effectively running
the photocatalytic CO, conversion reaction, the effects of
various solvents on catalytic performance were investigated,
which could be of general interest concerning CO, photo-
fixation processes.***** As shown in Figure 11, the catalytic
performance of the system is significantly influenced by the
reaction solvent used. When aprotic solvents, including MeCN,
DMF, DMSO, and THF, were used as the reaction mediums,
the catalytic system exhibited moderate catalytic activities,
whereas the aprotic solvent DCM was unable to generate any
products. This result is primarily attributed to the different
chemical affinities between the solvent used and the CO,
molecules because the solvents (MeCN, DMF, DMSO,
THF) hold nitrogen and/or oxygen atoms that are favorable
to solubilizing CO, through Lewis acid—base interactions.”>>’
The system also employed H,O as a classic protic solvent, but
no CO/H, formation was produced due mainly to the weak
interaction between water and CO,. Furthermore, the
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Figure 11. CO/H, production generated from the photocatalytic CO,
reduction system in various solvents (DMF, N,N-dimethylformamide;
DMSO, dimethyl sulfoxide; THF, tetrahydrofuran; DCM, dichloro-
methane).

selectivity of CO in the gases produced varied dramatically
among the solvents used (Figure 11, inset).

However, remarkably enhanced catalytic activity and CO
selectivity were achieved in the reaction system when using a
mixture of MeCN and H,O as the reaction medium. We thus
explored the effects of the volumetric ratio of H,O/MeCN on
the catalytic performance. As listed in Table 2, upon 1 mL of

Table 2. Studies on the Effect of the Volumetric Ratio of
H,0/MeCN on the Catalytic Performance of the Reaction
System®

entry Vino/ Vaeen CO (umol) H, (umol) CO:H, ratio
1 0/S S 20 1:4
2 1/4 25 22 1.1:1
3 2/3 27 34:1
4 3/2 9 2 4.5:1
S 4/1 3 3:1

“Reaction conditions are the same as those of normal reactions except
the volume of H,0O and MeCN in the reaction medium (S mL) is
varied.

H,O becoming involved in the reaction medium, the catalytic
activity of the CO,-to-CO conversion reaction was drastically
enhanced, presumably due to promotion of the reaction
kinetics and a reduced thermodynamic barrier.”> Additionally,
adding water may also induce photolabilization of a bpy ligand
from [Ru(bpy);]** to produce the catalytically active
species.***> Upon the volume of H,O being further increased
to 2 mL (Table 2, entry 3), the system obtained the highest
catalytic efficiency for the CO, splitting reaction, which is more
than S-fold improved over that of the water-free system (Table
2, entry 1). If the reaction was conducted in water-dominant
mixed solutions, weakened catalytic performances were
observed (Table 2, entries 4 and 5) consistent with the
discussion on pure water above. Importantly, by adjusting the
volumetric ratio of water/MeCN, the ratio of CO to H, in the
products could be broadly controlled from 4.5:1 to 1:4, which
renders enormous potential for the generatation of gases to be
utilized as raw materials for producing liquid fuels by Fischer—
Tropsch synthesis.’

We also carried out the photocatalytic CO, reduction
reactions at different temperatures and found that the reaction
is very susceptible to reaction temperature. As shown in Figure
12, with the reaction temperature increased from 10 to 50 °C,
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system at different reaction temperatures. (inset) Plot of CO
selectivity versus reaction temperature.

the activity of the reaction improved at first and then
observably diminished with the highest value obtained at 30
°C. The decrease in reaction activity at relatively higher
temperatures is caused by unfavored absorption of CO, in the
reaction mixture under such reaction conditions. Therefore, it
was also reasonable to discover that the selectivity of CO was
accordingly reduced when the reaction temperature was
increased (Figure 12, inset).

To examine its stability, we filtrated the MnCo,0, cocatalyst
from the reaction mixture after the photocatalytic reactions.
The obtained filtrate was analyzed by ICP-MS, and the results
revealed that only <0.4% cobalt ions were detected. This filtrate
was reemployed for further photocatalytic CO, reduction
reactions under the same reaction conditions, and the
cocatalytic effect was no different than in the non-cocatalytic
system, indicating the heterogeneous feature of the reaction.
The separated MnCo,0, cocatalyst was then washed, dried,
and reused in fresh reaction mixtures for the next photocatalytic
reaction. As displayed in Figure 13, no evident decline in the
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Figure 13. Formation of CO/H, over repeated use of the MnCo,O,
cocatalyst for stability evaluations.

production of CO/H, was noticed during the six repeated
photocatalytic operations. In this stability test, more than 200
umol products were generated, thus establishing a catalytic
TON of ~50. Moreover, the used MnCo,0, materials were
further subjected to characterizations by SEM, XRD, and XPS.
As shown in Figure 14, the morphological, crystal, and surface
structures of the MnCo, O, cocatalyst were very well kept after
the photocatalytic reactions. All of the findings confirm high
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Figure 14. (a) SEM image of the MnCo,0, microspheres after
photocatalytic reactions. (b) XRD patterns, (c) Co 2p, and (d) Mn 2p
high-resolution XPS spectra of the MnCo,O, samples before and after
photocatalytic reactions.

stability of the MnCo,0, cocatalyst in the photocatalytic CO,
conversion system.

Lastly, to explore the reaction mechanism, we evaluated the
flat band potential of MnCo,0O,. As shown in Figure S5 in the
Supporting Information, the flat band potential of the
MnCo,0, cocatalyst is ~0.59 V (relative to NHE at pH 7.0)
as determined from the Mott—Schottky analyses, endowing it
with appropriate redox potential to accepted the excited
electrons from the Ru complex to run the CO,-to-CO
conversion reaction (egs 2 and 3).>** A possible mechanism
for the CO, photoreduction reaction is proposed here. With
visible light irradiation, the Ru photosensitizer was excited (eq
1), generating photoinduced electrons to be transferred to the
MnCo,0, cocatalyst. Then, the CO, molecules absorbed on
the surface of the MnCo,0, solid were reduced to CO (eqgs 2
and 3). Meanwhile, the excited electrons could also directly
reduce the proton that exist in the system to generate H, (eq
4). The oxidized state of the Ru dye was quenched by TEOA,
acting as a sacrificial electron donor (eq S), consequently
completing the photocatalytic cycle.

Ru(bpy)32+ +hy - Ru(bpy)32+* (1)
Ru(bpy),”** — Ru(bpy),* + ¢~ E” = —087V (2)
CO, + 2H" +2¢” - CO+ H,0 E’ =-053V (3)
2H' +2¢” - H, E’ =-041V (4)
Ru(bpy),>* + TEOA — Ru(bpy),”* + TEOA' ()

4. CONCLUSIONS

Uniform mesoporous MnCo,0, microspheres were success-
fully fabricated by a simple two-step solvothermal-calcination
method. The synthesized MnCo,0, samples were systemati-
cally characterized by XRD, SEM, TEM, XPS, EDX, elemental
mapping, and N, adsorption measurements.

The MnCo,0, microspheres proved to be a stable cocatalyst
to cooperatively operate the deoxygenative reduction of CO, to
CO with a visible light photosensitizer under benign conditions.

4333

The origin of the CO produced was verified robustly by '*CO,
isotope tracer experiments. The effect of calcination temper-
ature and various reaction parameters on the catalytic
performance were fully studied and optimized to manipulate
effective photocatalytic CO, conversion reactions. The stability
of the MnCo,0, cocatalyst in the CO, reduction system was
confirmed by several techniques. A possible reaction mecha-
nism of the MnCo,O,-promoted CO, photoreduction catalysis
was proposed. We are confident that the reported work will
revitalize studies on CO, photofixations for artificial photosyn-
thesis by employing spinel MnCo,0, as a cost-affordable,
efficient, and highly stable cocatalyst that is expected to couple
with nanostructural semiconductor photocatalysts.
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